A Low-Sodium Diet Corrects the Defect in f3-Adrenergic Response in Older Subjects Ross D. Feldman, MD Background. One of the prominent cardiovascular abnormalities in the elderly is reduced j-adrenoceptor responsiveness. Because dietary sodium restriction corrects the defect in vascular and lymphocyte f-adrenoceptor responsiveness in hypertensive subjects, we postulated an analogous effect in the elderly. Thus, vascular and lymphocyte f-adrenergic responsiveness were studied in 10 older normotensive subjects (age, 56±2 years) on either a 400or 10-meq/day sodium diet.
Methods and Results. In older subjects fed a high-sodium diet, maximal isoproterenolmediated vasodilation was depressed compared with a group of normotensive younger subjects studied previously. When they were fed a low-sodium diet, however, maximal isoproterenolmediated vasodilation in the elderly was increased significantly. Lymphocyte adenylyl cyclase sensitivity to isoproterenol was comparably increased. Blood pressure was significantly reduced on a low-sodium diet, and mean arterial pressure was significantly inversely correlated with the extent of isoproterenol-mediated vasodilation.
Conclusions. These studies indicate that a low-sodium diet corrects the defect in both vascular and lymphocyte ,-adrenergic responsiveness with aging. This suggests an important role for dietary modification in the adrenergic regulation of vascular tone in the elderly. (Circulation 1992;85:612-618) T he process of aging is associated with alterations in hormone-receptor interactions.' Alterations in catecholamine-adrenergic receptor interactions have been reported in humans2-5 and could be an important component in the dysfunction of cardiovascular regulation in the elderly. 6, 7 Cardiovascular P-adrenergic responsiveness appears to be generally diminished with aging. For elderly subjects, a reduced cardiac chronotropic response to isoproterenol8-13 and a reduction in vascular f3-adrenergic response with aging have also been reported13-15 but not by all investigators.16
The human lymphocyte has commonly been used to investigate cardiovascular 8-adrenergic responsiveness in humans, and numerous studies have documented reduced responsiveness in lymphocytes from elderly subjects (reviewed in References 2, 4, and 5). In a previous study,17 we demonstrated that this was associated with an uncoupling of the ,B-ad-renergic receptor from the other components of the adenylyl cyclase complex.
The mechanism underlying reduced 3-adrenergic responsiveness with aging remains unclear. It has been suggested but remains to be proved that this defect reflects a functional desensitization of the ,8-adrenoceptor complex related to the age-related elevations in plasma catecholamines.18 Younger hypertensive subjects demonstrate an analogous reduction in both lymphocyte and vascular 8-adrenergic receptor response. 19, 20 We have recently demonstrated that in these subjects, a low-sodium diet corrects the defect in 18-adrenergic response.20 Therefore, the current studies have been performed to determine whether a low-sodium diet corrects defective lymphocyte and vascular fB-adrenoceptor responsiveness in elderly subjects.
To assess vascular adrenergic responsiveness, we used the linear variable differential transformer (LVDT) technique. This method, initially described by Aellig,2' measures alterations in the distensibility of superficial dorsal hand veins. LVDT provides a (relatively) noninvasive and reproducible method for assessing alterations in adrenergic responsiveness in vivo. Notably, LVDT techniques have been used to demonstrate that venous ,B-adrenergic responsiveness in the elderly is reduced,15 although neither nitroglycerin-mediated dilation,22 prostaglandin E1 (PGE1) -mediated dilation,23 nor noradrenaline-mediated constriction was altered.24 Additionally, we have used this method to demonstrate that venous responsiveness to 13-adrenergic agonists is reduced in hypertensive subjects and that this defect is corrected by a low-sodium diet. 20 The present study demonstrates that a low-sodium chloride intake upregulates both lymphocyte and venous ,B-adrenergic responsiveness in older subjects.
Methods

Subject Protocol
Healthy normotensive subjects (based on history and physical examination) between the ages of 48 and 72 years were studied (four men, six women; mean age, 56 years). Subjects were nonsmokers and had not received any medication within 8 days of the study (except for one subject maintained on a stable dose of levothyroxine after a remote history of idiopathic hypothyroidism). Subjects were studied at the Clinical Research Center (University of Iowa Hospitals and Clinics) on two occasions 5 days after initiation of each of two diets varying only in sodium chloride contents (high sodium, 400 meq NaCl/day; low sodium, 10 meq NaCl/day. Potassium intake (60 meq/day) and calcium intake (325 mg/4,200 kJ) were kept constant. Study days were separated by at least 1 week (range, 1-4 weeks; mean, 2.1+0.2 weeks).
Diets were administered on an outpatient basis, and their sequence was randomized. On the morning of day 5 of each diet period and after overnight supine rest, an intravenous catheter was inserted, and 20 minutes later a 100-ml blood sample was obtained. Blood was analyzed for plasma norepinephrine and lymphocyte adenylyl cyclase activity as described below. Blood pressure measurements by auscultation were taken after subjects were first supine, then sitting, and then upright for at least 2 minutes. Mean arterial pressure was defined as diastolic pressure plus one third of pulse pressure. To assess dietary compliance, a 24-hour urine collection was performed during the last day of each diet period, and samples were analyzed for sodium and potassium concentration with an ion-selective electrode (Beckman E2A sodium/potassium electrode system). Plasma norepinephrine was determined by radioenzymatic assay. 25 Immediately after the blood sample was drawn, venous responsiveness was studied as outlined below. Assessment of Venous Responsiveness by Linear
Variable Differential Transformer Method
Vascular adrenergic responsiveness was assessed on dorsal hand veins by LVDT according to our modifications20 of the methods of Pan et al. 15 Briefly, subjects were kept supine with one arm resting on a padded support at an angle of 300 from horizontal. A 23-gauge needle was inserted in an appropriate dorsal hand vein, and 5% dextrose was infused at 0.12 ml/min. The LVDT apparatus was then placed on the dorsal surface of the hand with the tip of the plunger resting on the apex of a prominent dorsal hand vein less than 1 cm from the end of the infusion needle. Maximal venous distension under baseline conditions was assessed after compression of the ipsilateral arm with a pneumatic cuff inflated to 50 mm Hg.
Assessment of a-adrenergic-induced venoconstriction was determined by infusion of increasing doses of phenylephrine (80-10,000 ng/min). Each infusion lasted at least 5 minutes. The pneumatic cuff was inflated for at least the final 2 minutes of each infusion. The extent of venous distension was determined at each dose level upon release of the cuff. The doses required to achieve 50% and 80% of maximal phenylephrine-induced constriction (ED50 and ED80, respectively) and the extent of maximal phenylephrine-induced constriction (as a percentage of baseline distension) were determined by nonlinear curve-fitting methods (Sigmoid plot subroutine, GRAPHPAD program, GraphPad Software, San Diego, Calif.).
To determine isoproterenoland nitroglycerin-induced effects, vessels were preconstricted to approximately 80% of maximal phenylephrine-induced effect. The dose of phenylephrine was individualized at each study session. Isoproterenol was then concurrently infused at doses from 1.6 to 1,000 ng/min. The extent of distension at each dose level was determined. Maximal isoproterenol-mediated venodilation and ED50 for isoproterenol were determined by analysis of the data with computerized curve fitting as above. Finally, nitroglycerin-mediated responses were determined at doses of 10 ng/min and 100 ng/min (with concurrent phenylephrine infusion).
Maximal isoproterenol-mediated venodilation was expressed both as a percentage of maximal nitroglycerin-mediated relaxation and as a percentage of baseline distension. Review of our previous study20 indicated that maximal isoproterenol-mediated relaxation expressed as a percentage of baseline was highly significantly correlated with maximal nitroglycerin-mediated relaxation (r=0.55, p<0.0001, n=52). In contrast, maximal isoproterenol-mediated relaxation normalized for nitroglycerin-mediated relaxation was not correlated with maximal nitroglycerinmediated relaxation (r=0.09, p=0.55, n=52) and theoretically would provide a more specific estimate of ,B-adrenergic-mediated relaxation (versus a more generalized measure of venodilation capacity).
Mononuclear leukocytes were separated from whole blood by the method of Boyum.26 Lymphocytes were made permeable with digitonin, and assays of adenylyl cyclase activity were performed as described recently with a final free Mg2+ concentration of 1 mmol/1.27 Isoproterenol-stimulated adenylyl cyclase activity was expressed as the difference between the activity with isoproterenol (at each of six concentrations from 10 nmol/l to 100 ,mol/l) plus guanosine triphosphate (GTP; 100 ,umol/l) and the activity in the presence of GTP alone. Maximal PGE1 (100 ,umol/l)-stimulated activity was assayed similarly. Sodium fluoride (3 mmol/l)-stimulated activity was assessed in the absence of GTP. The concentration required to achieve 50% of maximal effect (EC50) for isoproterenol-stimulated adenylyl cyclase activity and maximal isoproterenol-mediated response was determined by computerized nonlinear curve fitting of the data as above.
Statistical Analysis
All measures of potency (e.g., EC50) were expressed as geometric mean+SEM.28 Other parameters were expressed as arithmetic mean+SEM. The effects of dietary sodium intake on vascular response and adenylyl cyclase activity were examined using a paired Student's t test to assess statistical significance as appropriate. A value ofp<0.05 on a two-tailed test was used as a minimal level of significance.
Results
Alterations in Urinary Electrolytes, Plasma Norepinephrine, and Blood Pressure With Dietary Intervention
After 4 days on defined sodium diets, 24 -hour urinary sodium excretion approximated sodium intake (high-sodium diet, 404+12 meq/24 hours; lowsodium diet, 20+3 meq/24 hours), demonstrating reasonable subject compliance with the study diets.
Overall, plasma norepinephrine concentrations were not significantly altered by dietary sodium intake (Table 1 ). However, plasma norepinephrine levels did increase in eight of 10 subjects fed a low-sodium diet. Mean arterial pressures measured in supine, sitting, and standing positions on the final morning of each diet period were all significantly reduced when subjects were fed a low-sodium diet ( Table 1 ) and paralleled a reduction in both systolic and diastolic blood pressures (data not shown).
LVDT Studies: Isoproterenol-Mediated Vasodilation
In subjects fed a high-sodium diet, maximal isoproterenol-mediated vasodilation assessed by LVDT was 60+8% of nitroglycerin-mediated distension (58±7% of baseline distension). The extent of maximal (3-receptor-mediated vasodilation in these older subjects was significantly reduced compared with a recently studied population of younger normotensive subjects 20) . This decrease in maximal isoproterenol-mediated vasodilation in older subjects fed a high-salt diet is comparable with that found in older subjects fed an ad lib salt diet.15,23 In a combined analysis (younger and older subjects), maximal isoproterenol-mediated vasodilation (percentage of nitroglycerin-mediated response) was significantly inversely correlated with age (r= -0.59, p=0.01). The defect in isoproterenol-mediated response was corrected when older subjects were fed a lowsodium diet ( Table 2 and Figure 1 ). The ED50 for isoproterenol was not significantly altered by dietary sodium intake (Table 2) .
LVDT Studies: Nitroglycerin-Mediated Vasodilation and Phenylephrine-Mediated Constriction
In contrast to the alterations in isoproterenolmediated response, nitroglycerin-mediated vasodilation was not increased on a low-salt diet. In fact, maximal nitroglycerin-mediated venodilation was slightly but significantly reduced when subjects were fed a low-sodium diet ( Table 2) .
Neither maximal phenylephrine-mediated constriction nor ED50 for phenylephrine was altered by a low-sodium diet ( Table 2) . Correlation Between Maximal Isoproterenol-Mediated Vasodilation and Mean Arterial Pressure A highly significant (although not highly predictive) linear correlation between mean arterial pressure and maximal isoproterenol-mediated vasodilation was noted. Specifically, isoproterenol-mediated distension (percentage of maximal nitroglycerin-mediated response) was significantly correlated with mean arterial pressure in standing (r=-0.53, p=0.017), sitting (r=-0.52, p=0.017), and supine (r=-0.51, p=0.023) positions ( Figure 2 ). In contrast, maximal nitroglycerinmediated vasodilation and maximal isoproterenol-mediated vasodilation, expressed as percentage of baseline, were more weakly and not significantly correlated with mean arterial pressure (data not shown).
Effect of Dietary Sodium Intake on /3-Adrenergic-Mediated Adenylyl Cyclase Activity
Lymphocyte ,B-adrenergic sensitivity was increased almost twofold when older subjects were fed a lowsalt diet; that is, the EC50 of isoproterenol was decreased 49+12% (p<0.05) (high sodium, 326 nmol/l [+100/-81]; low sodium, 166 nmol/l [+58/ -43]; Figure 3 ). Overall, the EC50 for isoproterenolstimulated adenylyl cyclase activity in lymphocytes was significantly inversely correlated with venous isoproterenol-mediated responsiveness (r=-0.49, p=0.029 versus maximal venous response [percentage of maximal nitroglycerin-mediated response] and r= -0.47,p=0.036 versus maximal response [percentage of baseline]). Maximal isoproterenol-stimulated adenylyl cyclase activity tended to increase on a low-salt diet but did not differ significantly between diet periods (high sodium, 179+6% of basal activity; low sodium, 198±16%) and was not significantly correlated with vascular /3-adrenergic responsiveness. Neither PGE1-mediated adenylyl cyclase activity nor sodium fluoride-stimulated activity was altered by dietary sodium intake (Table 3 ). Basal adenylyl cyclase activity was similarly unaltered by dietary sodium intake (high sodium, 67±6 pmol/10 min/107 cells; low sodium, 61±4).
Discussion
The present studies indicate that in older subjects, 1) a low-sodium diet reverses the defect in vascular 13-adrenergic receptor-mediated dilation, 2) the extent of f-adrenergic-mediated venodilation is inversely correlated with blood pressure (i.e., the greater the capacity for 18-adrenergic-mediated vaso-dilation, the lower the blood pressure), and 3) the increase in /3-adrenergic-mediated vasodilation parallels an increased sensitivity of lymphocyte ,B-adrenergic-mediated adenylyl cyclase activity. In contrast, a-adrenergic responsiveness, as reflected by the ED50 of phenylephrine, was not altered. (However, as stressed by Alradi and Carruthers,29 the variability of ED50 values determined by LVDT precludes definitive conclusions in trials with small numbers of subjects, such as ours.)
The reduction in venous /3-adrenergic responsiveness in older subjects fed a high-salt diet (versus our "historical" controls) is consistent with previous studies of older subjects fed an ad lib salt diet. Reduced arterial ,B-adrenergic responsiveness with aging has been reported by several groups. 13, 14 In the setting of increased sympathoadrenal activity, reduced arterial f3-adrenergic responsiveness could lead to augmentation of peripheral resistance. 30 More recently, Pan and colleagues,15 using LVDT techniques, reported a reduction in venous ,3-adrenergic responsiveness in older subjects. This decline in vascular relaxation was /3-adrenergic receptor specific and was not associated with any change in PGE123 or nitroglycerin-mediated response. 22 Our study demonstrates comparable findings in older subjects fed a high-salt diet. Reduced venous ,3-adrenergic responsiveness is unlikely to represent an important mechanism of dysfunctional cardiovascular regulation in the elderly. However, our data and those of Pan et a115 and others23 suggest that venous 3-adrenergic responsiveness (assessed by LVDT) is a marker for arterial ,B-adrenergic response.
The increase in vascular ,B-adrenergic responsiveness in older subjects fed a low-salt diet parallels that seen previously in younger hypertensive subjects.20 This upregulation of ,3-adrenergic-mediated vasodilation appeared to be a selective effect, because nitroglycerin-mediated vasodilation was not increased (and in fact was marginally but significantly reduced).
Lymphocyte ,B-adrenergic-mediated adenylyl cyclase activity paralleled the changes in vascular ,B-adrenergic-mediated vasodilation. Reduced lympho- cyte 83-adrenergic responsiveness in the elderly has been reported by several groups (reviewed in References 2-5). The present study indicates a reversal of this defect with dietary salt restriction. These changes appear to be ,-adrenergic receptor specific and are not associated with any change in basal activity or in PGE, or NaF-stimulated activities.
However, only maximal responses to the latter agents were assessed in these studies. Without determining whether PGE, and NaF potencies varied with dietary salt intake, one cannot definitely rule out a more generalized change in lymphocyte adenylyl cyclase activity.
Notably, the increase in vascular 13-adrenergic response in older subjects paralleled an increase in sensitivity of lymphocyte ,3-adrenergic adenylate cyclase activity without a change in maximal 83-adrenergic responsiveness. In addition, vascular /8-adrenergic responsiveness was significantly correlated with the lymphocyte EC50 for isoproterenol but not with maximal isoproterenol-stimulated adenylyl cyclase activity. Previous authors have reported reduced maximal isoproterenol-stimulated activity in lymphocytes from older subjects (reviewed in References 2, 4, and 5). We have previously reported reduced maximal /3-adrenergic activity in lymphocytes from hypertensive subjects. 19 There are several possible explanations for these differences in mode of regulation of lymphocyte ,3-adrenergic adenylate cyclase activity (i.e., alterations in maximal isoproterenol responsiveness versus isoproterenol sensitivity). In other cell models of /3-adrenoceptors (e.g., the S49 murine lymphoma cells), desensitization of /8-adrenergic adenylyl cyclase activity has been variably characterized by a reduction in maximal responsiveness31 or sensitivity32 or both.33 This may be a result of the differential effects of various cell disruption techniques on the coupling of the components of the ,B-adrenoceptor-adenylyl cyclase complex.34 Previous studies of human lymphocyte j8-adrenergic responsiveness with aging2,4,5 and our own studies of the effects of dietary salt restriction in hypertension19 have used broken cell preparations. In these preparations, we have found that in vitro desensitization is associated with a reduction in maximal responsiveness only.35 In contrast, the present studies use a permeabilized cell preparation that maintains a higher degree of coupling efficiency (assessed in terms of receptor affinity for agonists and EC50 for isoproterenol-stimulated adenylyl cyclase activity.27 With this permeabilized preparation at the free Mg2+ concentration used in these studies (1 mmol/l), we have found that in vitro desensitization results in comparable reductions in both maximal responsiveness and sensitivity (R. Feldman, unpublished observations). Thus, in the human lymphocyte as well as other cell models, a pattern of /3-adrenoceptor regulation characterized by a change in maximal 8-adrenergic-stimulated adenylate cyclase activity in one preparation may be characterized by a change in (3-adrenergic sensitivity in another.
Might alterations in lymphocyte subsets explain the changes in the EC50 of isoproterenol for lymphocyte adenylate cyclase activity? Lymphocyte subsets differ in their ,3-adrenoceptor density, absolute increase in cAMP accumulation (expressed in picomoles per minute), and the absolute decrement in /3-adrenergic-stimulated cAMP accumulation with chronic terbutaline treatment.36 However, as previously discussed,37 proportional measures of receptor coupling (e.g., receptor affinity for agonists and isoproterenol-stimulated adenylate cyclase activity expressed as a ratio versus basal activity) and the proportional reduction in isoproterenol-stimulated cAMP accumulation following agonist treatment (data from Reference 35) do not appear to differ between lymphocyte subsets. Thus, alterations in lymphocyte subsets are unlikely to account for the changes seen in EC50 for isoproterenol-stimulated adenylyl cyclase activity. The mechanism by which a low-sodium diet upregulates lymphocyte and vascular j3-adrenergic responsiveness in older subjects remains unknown. Previous authors have speculated that chronic elevations in plasma catecholamines in the elderly desensitize the /3-adrenoceptor complex. 18 However, the low-sodium diet that corrected defective ,B-adrenergic responsiveness was clearly not associated with any reduction in plasma noradrenaline concentration. Indeed, plasma noradrenaline tended to be higher in subjects on a salt-restricted diet. (In a recent report,38 dietary sodium restriction in an elderly population led to a statistically significant elevation in norepinephrine comparable with that seen in younger subjects.) Thus, the upregulation of /3-adrenergic responsiveness in the absence of any significant plasma norepinephrine reduction would argue against the importance of high levels of catecholamines in mediating the apparent "desensitization" seen with aging. (It is notable that epinephrine, which has a significantly greater potency than norepinephrine at f32-adrenoceptors is only variably increased with reduced dietary salt intake. 36 Whether this reflects a difference in sympathetic versus adrenal response to salt restriction in the elderly is unclear. Regardless of whether plasma epinephrine concentrations are increased or unchanged with dietary salt restriction, however, our present findings cannot be explained according to classic agonist-induced desensitization mechanisms.)
Previous studies have indicated that sodium intake may be an even more important factor in blood pressure regulation in older populations than in younger hypertensive subjects.39 Relative to the younger hypertensive subjects we studied previously,20 the older normotensive subjects in the present study demonstrated a comparable, if not somewhat greater, change in blood pressure with varying dietary sodium.
Moreover, the blood pressure response in the older subjects was significantly inversely correlated with the extent of ,B-adrenergic-mediated venodilation. Thus, one could speculate that, in older subjects, an unrestricted salt diet might elevate blood pressure (at least in part) by "downregulating" ,3-adrenergic vasodilator mechanisms. The analogous responses in older subjects and younger hypertensive subjects are striking. Both groups demonstrate comparable defects in j3-adrenergic responsiveness. Also in both groups, lowering dietary salt intake regulates blood pressure and ,B-adrenergic responsiveness in a manner distinct from younger normotensive subjects. 19, 2040 The extent of sodium restriction in these diets (to 10 meq/day) is far in excess of what can be achieved normally. Whether more moderate sodium restriction also normalizes responsiveness is unknown. However, Klein and colleagues'6 failed to identify a decrease in vascular 83-adrenergic response in older subjects on a much less severe sodium-restricted diet. Together, our data are consistent with the hypothesis that more moderate sodium restriction might also normalize defective ,B-adrenoceptor function. In total, these observations are consistent with the hypotheses that 1) diminished vascular ,3-adrenergic responsiveness may be an important factor in the increased peripheral resistance observed in the elderly, and 2) dietary sodium intake has an important role in regulating this defect. However, it remains to be determined whether the relation between these factors is causal or epiphenomenonal.
